From an adjustment on a recent selected data set of partial α-decay half-lives of 344 ground state to ground state transitions, analytical formulas are proposed for log 10 T 1/2 (s) depending or not on the angular momentum of the α particle. In particular, an expression allows to reproduce precisely the partial α-decay half-lives of even-even heavy nuclei and, then, to predict accurately the partial α-decay half-lives of other very heavy elements from the experimental or predicted Q α . Comparisons have been done with other empirical approaches. Moreover, the potential barrier against α-decay or α-capture has been determined within a liquid drop model including a proximity energy term. Simple expressions are provided to calculate the potential barrier radius and height.
Introduction
In 1911 Geiger and Nuttal [1] observed a simple dependence of the α decay constant on the mean α particle range in air for a fixed radioactive family. Later on, in 1928 [2, 3] , the spontaneous α decay was described as a quantum tunnelling effect through the potential barrier separating the initial state of the parent nucleus and the final state formed by the separated α particle and daughter nucleus. Often, in a first approximation, this potential barrier standing against α decay is taken as the combination of a square-well and after of a pure Coulomb barrier to make easier the integration of the Schrödinger equation. Such a barrier is naturally unsufficient to reproduce accurately the α-decay exit channel and the α capture entrance channel and, more generally, the fusion barriers. In the quasi-molecular deformation valley investigated by the α decay or capture the neck between the two nuclei is very deep and, consequently, the surfaces in regard are very close to each other and the proximity forces between the nucleons at the surfaces lower the barrier, smooth it and shift it towards a more external position [4, 5] .
The experimental data are regularly enlarged [6] , particularly in the super-heavy nucleus region and near the proton and neutron drip lines. Indeed, isotopes of the elements 112, 113, 114, 115, 116, 117 and 118 have been synthetized recently in fusion-evaporation reactions and observed mainly via their α decay cascades [7, 8, 9, 10, 11, 12] . These recent data have led to new theoretical studies on the α emission process, for example within the DDM3Y interaction [13, 14] , the relativistic mean field theory [15] , the Skyrme-Hartree-Fock mean-field model [16] , the superasymmetric fission model [17] and the generalized liquid drop model (GLDM) [18, 19] .
Modern Geiger-Nuttal plots are expressed as log 10 T α = aZQ −1/2 + b. Since, different expressions have been proposed [4, 20, 21, 22, 23, 24, 25, 26, 27] to calculate log 10 T α from A, Z and the Q α value. Formulas taking into account the proximity of the magic numbers have also been provided [17] . The adjustment of the formula coefficients is generally realized on the total α decay half-lives and the spins and possible excitations of parent and daughter nuclei are not taken into account. New expressions containing l-dependent terms have been recently proposed [28, 29, 30] and the dependence on the excitation energy has been investigated [29, 30, 31, 32] .
The ability of the formulas proposed in Ref. [4] to describe the whole data set of total α decay half-lives and its predicted power on new data, particularly for the heaviest elements, has been verified recently [19, 26, 27] .
In a recent paper [5] , a carefully updated and selected partial α decay half-life data set of 344 ground-state-to-ground-state α transitions has been studied. The purpose of the present work is, firstly, to adjust the coefficients of the above-mentioned formulas [4] on this ground-state-to-ground-state decay data [5] in incorporating a l-dependence and to test and compare the efficiency of these new adjusted formulas and, secondly, to provide simple expressions to determine the alpha-decay or capture barriers.
Alpha decay half-lives
In a previous study [4] the α decay half-lives deduced from the WKB barrier penetration probability through the GLDM potential barriers were compared with the total α decay half-lives of 373 emitters having an α branching ratio close to one. The rms deviation between the theoretical and experimental values of log 10 T α (s) was 0.63 and only 0.35 for the subset of 131 even-even nuclides.
In this previous paper a fitting procedure on this data set led to accurate empirical expressions (formulas(18)- (21) in [4] depending on three parameters in each subset) respectively for the 131 even-even, 106 even(Z)-odd(N), 86 odd-even and 50 odd-odd nuclei, the rms deviation being respectively 0.285, 0.39, 0.36 and 0.35.
A good agreement between the predictions using these formulas and the experimental data obtained after 2000 is shown in Ref. [19] confirming the predictability of these formulas. Very recently [10] the isotopes 293 117 and 294 117 were produced in fusion reactions between 48 Ca and 249 Bk. Two decay chains involving 11 new nuclei were identified. 5 events correspond to the isotope 293 117 and 1 event to the isotope 294 117. The uncertainties on the α-decay half-lives and Q values are important. In the Table 1 the characteristics of the two cascades are given : the range of the experimental Q value and the experimental α-decay half-life and the values predicted using the above-mentioned formulas. There is a very good agreement for the cascade starting from the 293 117 nucleus and for four nuclei of the other cascade. The disagreement is very important for the 290 115 and 282 111 nuclei. In these two cases the experimental Q value is lower than expected.
The preceding formulas are related to the total α decay half-life and, consequently, to all possible transitions from the ground state of the parent nucleus into both the ground and excited states of the daughter nucleus. The only parameter in these formulas is the Q value for the ground state to ground state transition. For some nuclei the transition to excited states is also important [30] which, partially, might explain the remaining differences between the experimental and theoretical data for some specific nuclei. Recently [5] , a carefully updated and selected partial α decay half-life data set of 344 ground-state-to-ground-state α transitions has been extracted. The same fitting procedure applied to this new data set leads to the following empirical formulas respectively for the 136 even-even, 84 even(Z)-odd(N), 76 odd-even and 48 odd-odd nuclei, the rms deviation being respectively 0.3280, 0.9559, 0.8891 and 0.9080.
log 10 [T ] = −32.623 − 1.0465A
The Q α values have been determined from the atomic mass data of Audi et al [6] . This new data set relative only to 344 partial α decay half-lives of ground to ground state transitions is more difficult to reproduce than the one relative to 373 emitters [4] and to total α decay half-lives.
For the even-odd, odd-even and odd-odd nuclei the ground-state-toground-state transitions may occur for different spins and parities of the parent and daughter nuclei and, consequently, the α particle may take away an angular momentum l. According to the selection rules the minimal orbital angular momentum of the emitted α particle has been evaluated in [5] assuming that l = 0 for all even-even nuclei. From these l values and for improving the accuracy of the preceding formulas an explicit dependence on l has been researched and the following empirical formulas are proposed. They lead respectively for the 84 even-odd, 76 odd-even and 48 odd-odd nuclei to a rms deviation of 0.5552, 0.6661 and 0.6807.
The agreement with experimental data is better due to the introduction of two new additional empirical terms depending on l and simulating the centrifugal effects and the hindrance of α emission with odd values of l. The Q α values, the evacuated angular momentum, the experimental ground state to ground state α-decay half-lives and values evaluated from formulas (1,5-7) are given in Tables (2) (3) (4) (5) . For most of the nuclei, the difference between the experimental and theoretical data is relatively weak but for only some nuclei such as 113 53 I, 149 64 Gd, 206 85 At, 218 91 Pa and 235 95 Am the difference is very important and increases strongly the rms deviation. The extracted experimental data on these specific nuclei seem perhaps questionable.
Additionally for the 59 heavy (N > 126 and Z > 82) e-e nuclei of this data set the following formula
leads to a very small rms deviation of 0.1867 while for the 77 remaining lighter e-e nuclei the expression Table 2 Comparison between the decimal logarithms of the experimental and calculated with the formula (1) ground state to ground state α-decay half-lives (in s) for 136 even-even nuclei. 
leads to a rms deviation of only 0.2659.
For comparison, the coefficients of the formulas proposed in [28] have been recalculated using the Q α values of Audi et al [6] . They are given below and the rms deviation is respectively 0.3283, 0.6158, 0.6748 and 0.6792 for the 136 even-even, 84 even-odd, 76 odd-even and 48 odd-odd nuclei. l(l + 1) l(l + 1)
The dependence on A or A-4 in the second term does not change the accuracy of the formulas. The form of the two additional terms depending on l is empiric and tested on only a small number of nuclei and a very limited set of l values. It has been found that the l dependence assumed in the formulas (5-7) is particularly efficient to lower the rms deviation.
A separated adjustment of all the coefficients of the Viola-Seaborg formulas [20, 21] which do not take into account the l dependence leads to the following expressions and an accuracy of 0.349, 0.950, 0.912 and 0.870 for the e-e, e-o, o-e and o-o nuclei. The accuracy is almost of the same order than the precision of the formulas (1-4) but the expressions depend on four parameters in each subset. 
3 Alpha emission or capture barrier
Within the GLDM the l-dependent potential energy governing the stability of the nuclear rotating system is the sum of the volume, surface, Coulomb, proximity and rotational energies (see Refs [4, 24] ). The selected quasi-molecular shape sequence leads from one spherical nucleus to two unequal tangent spherical nuclei in keeping almost spherical ends.The formation of a deep neck and its rupture is ensured before the elongation of the system.
As an example, the alpha decay barrier of 226 Ra is displayed in Fig. 1 . The Q value has been introduced empirically in adding at the macroscopic energy of the mother nucleus the difference between the experimental and theoretical Q value with a linear attenuation factor vanishing at the contact point between the nascent fragments. The proximity energy lowers the barrier height by around 7 MeV and moves the barrier top to a more external position corresponding to two separated spheres maintained in unstable equilibrium by the balance between the repulsive Coulomb forces and the attractive nuclear proximity forces. The selected one-body shape plays a minor role since the distance between the two parts increases only slightly and the main part of the barrier corresponds to two-body shapes. For two body-shapes an analytic formula reproduces accurately the proximity energy [24] :
The following expression allows to determine rapidly and accurately the distance between the mass centers at the α barrier top. A and Z are the mass and charge of the mother nucleus.
The height of the barrier against α decay can be determined using:
from which the alpha-capture barrier height can be deduced in adding Q.
The coefficients of these two expressions have been adjusted on a whole set of α decay or capture potential barriers calculated within the GLDM. It has been shown that the radius and height of these barriers are in agreement with the experimental data and the results obtained within the Krappe-Nix-Sierk potential [33, 34] relative to fusion data. The calculations of the α emission halflives deduced directly from the WKB barrier penetration probability through these barriers and without preformation factor lead to a RMS deviation of log 10 T 1/2 (s) of only 0.63 [4] . The introduction of quadrupole deformations of the fragments should allow to diminish this error. This has been investigated in several works [5, 35] . Semi-microscopic optical alpha-nucleus potentials based on the double folding model have been advanced also recently [36] .
Summary and conclusion
Empirical expressions (1,5-7) depending on the angular momentum of the α particle for the even-odd, odd-even and odd-odd nuclei are proposed to determine log 10 T 1/2 (s). The coefficients have been adjusted on a recent proposed data set of partial α-decay half-lives of 344 ground state to ground state transitions. The introduction of two new terms simulating the centrifugal effects and the hindrance of α emission with odd values of l improves strongly the efficiency of the formulas even though the terms are semi-empirical. An accurate expression (8) is provided to evaluate the partial α-decay half-lives of even-even heavy and superheavy elements from the experimental or predicted Q α . The accuracy of these new formulas is slightly better than the precision of other proposed expressions readjusted to this new considered data set and using the Q α values given in [6] . The predictability of these expressions for other exotic nuclei is linked to the precision of the evaluation of the Q α value and then of the nuclear masses. The potential α-decay or capture barrier has also been calculated within a liquid drop model including the proximity effects between the α particle and its daughter nucleus. Analytic expressions are given to evaluate rapidly the α-decay or capture barrier radius and height.
